Gecko adhesion has become a paradigmatic example of bio-inspired engineering, yet among the many gecko-like synthetic adhesives (GSAs), truly gecko-like performance remains elusive. Many GSAs have previously demonstrated one or two features of the gecko adhesive. We present a new wedge-shaped GSA that exhibits several gecko-like properties simultaneously: directional features; zero force at detachment; high ratio of detachment force to preload force; non-adhesive default state; and the ability to maintain performance while sliding, even after thousands of cycles. Individual wedges independently detach and reattach during sliding, resulting in high levels of shear and normal adhesion during drag. This behaviour provides a non-catastrophic failure mechanism that is desirable for applications such as climbing robots where sudden contact failure would result in serious falls. The effects of scaling patch sizes up to tens of square centimetres are also presented and discussed. Patches of 1 cm 2 had an adhesive pressure of 5.1 kPa while simultaneously supporting 17.0 kPa of shear. After 30 000 attachment/detachment cycles, a patch retained 67 per cent of its initial adhesion and 76 per cent of its initial shear without cleaning. Square-based wedges of 20 mm and 50 mm are manufactured in a moulding process where moulds are fabricated using a dual-side, dual-angle lithography process on quartz wafers with SU-8 photoresist as the mould material and polydimethylsiloxane as the cast material.
INTRODUCTION
The gecko has inspired research by both biologists and engineers because of its ability to use a stiff material, b-keratin (Ew1.6 GPa) (Peattie et al. 2007) , to create an effectively soft and tacky structure. Several important functional properties of the gecko adhesive were identified in 2005. The gecko adhesive is (i) directional, (ii) attaches strongly with minimal preload, (iii) detaches quickly and easily, (iv) sticks to nearly every material, (v) does not stay dirty or (vi) self-adhere, and (vii) is non-sticky by default (Autumn 2006) . We believe another critical attribute of the gecko's adhesive is missing from this list: the ability to sustain high levels of adhesion while sliding. Because gecko setae and spatulae are able to independently detach and reattach, consistent levels of shear and normal adhesion are maintained as samples are dragged in their preferred direction across surfaces (Autumn et al. 2006a) . The gecko employs this 'dynamic adhesion' to help engage and load the many terminal spatulae evenly. Dynamic adhesion also provides a non-catastrophic failure mechanism during climbing; feet gradually slip down the wall rather than losing adhesion suddenly.
The potential applications of gecko-like synthetic adhesives (GSAs) in robotics, biomedical devices, manufacturing and consumer products have spawned a large number of attempts to create usable materials. A compilation of the literature can be found in Fearing (2008) . Although many of these synthetics have some gecko-like attributes, a structure that replicates all of the gecko adhesive's properties, and its subsequent use, remains a holy grail of sorts in the field. Table 1 summarizes the current state of these efforts, including the new microfabricated wedge-shaped adhesive reported in this paper.
Many groups have successfully exploited the contactsplitting aspect of the gecko adhesive (Geim et al. 2003; Yurdumakan et al. 2005; Tsai et al. 2006; Zhao et al. 2006;  *Author for correspondence (aaronparness@stanford.edu). Ge et al. 2007) . Interesting work has also been done on hierarchical structures and actively switchable adhesives (Northen & Turner 2005; Northen et al. 2008; Bhushan 2007) . However, many of these structures were fabricated at right angles to the substrate despite the fact that real gecko setae are angled, permitting largely linear elastic deformation and low effective modulus (Autumn et al. 2006c) . One recent GSA addressed directionality by fabricating fibres at an oblique angle to the substrate ). These angled pillars successfully lowered the effective stiffness of the sample and showed great promise, but the tips of the fibres were coplanar with the backing layer, creating a situation in which fibres probably pivot to a point contact after losing their initial contact. Tip shape has been shown to have a significant effect on adhesion for contact diameters greater than 1 mm (Gao & Yao 2004; del Campo et al. 2007) , and non-directional synthetics using spatular tips (Kim & Sitti 2006; Gorb et al. 2007 ) achieved much greater adhesive pressures than the original angled GSAs. However, the latest work on angled stalks improved the tip geometry through a dipping procedure, dramatically increasing performance . High aspect ratio, stiff polypropylene fibres have recently been shown to sustain high forces when loaded in shear by bending to create a side contact between the stalks and the surface Schubert et al. 2008) . Vertically aligned nanotubes with tangled tips have also been loaded in shear, creating side contacts between the nanotubes and surface, and producing high levels of shear and adhesion (Qu et al. 2008) . Our group previously created an adhesive that combined directional stalks and non-coplanar tips (Santos et al. 2007; Kim et al. 2008 ) that performed well on a climbing robot (Kim et al. 2008) , but this result was fabricated at a fibre diameter (dZ380 mm) much larger than gecko setae, limiting its application to smooth surfaces and forcing the use of a soft material that is susceptible to fouling. Theory suggests that smaller features will generate higher levels of adhesion and that materials with a higher modulus of elasticity will resist clumping and fouling (Arzt et al. 2003; Dai et al. 2006; del Campo et al. 2007; Hui et al. 2007) . Recent work has also shown increased adhesion on both wet and dry substrates through the use of surface coatings (Lee et al. 2007) .
The adhesive presented here and pictured in figure 1 overcomes several recent challenges in the field of GSAs. During sliding in a flat punch test, 1 cm 2 samples retain approximately 100 per cent of their adhesion. Using a flat punch larger than the sample ensures that the same fibres are detaching and reattaching, whereas a spherical contact engages new fibres as it drags across a sample. Spherical probe tests have been used in the past because they do not require precise alignment, but it is unclear whether adhesion during sliding is due to new fibre engagement or the detaching and reattaching of the same fibres. Scaling the results of small spherical contact tests to large surface areas, while maintaining alignment, is also a challenge. Polypropylene fibres Schubert et al. 2008) show continuous shear during drag, but require a positive normal force-a behaviour similar to kinetic friction. Data for the wedge-shaped adhesive are also consistent with the Microfabricated wedge-shaped adhesive A. Parness et al.
directional adhesion model of contact forces observed in the gecko (Autumn et al. 2006a) . This means that adhesion increases when shear force is applied in a preferred direction, allowing the amount of adhesion to be controlled. Additionally, when the shear loading is removed, the adhesive can be detached with zero force. The sharp-tip shape helps engage the adhesive at low attachment forces and samples showed very long lifetime, retaining 67 per cent of their initial adhesion after 30 000 test cycles.
MATERIALS AND METHODS

Fabrication
Taking cues from previous work (Santos et al. 2007; Kim et al. 2008 ), a wedge shape was chosen as a simple anisotropic geometry with a sharp tip that would promote high levels of adhesion with low preload. For fabrication, we were inspired by work on angled microstructures unrelated to adhesion that used multiple angled exposures in SU-8 photoresist to create interesting three-dimensional geometries (Han et al. 2004; Sato et al. 2004; Yoon et al. 2006) . Using thick films of SU-8, arrays of wedge-shaped cavities were created as a reusable mould for casting elastomeric polymers. To create the SU-8 mould, a two-mask angled exposure technique was developed, for which an angled backside exposure was followed by a vertical topside exposure before development to create a threedimensional structure in the film. Care was taken in the final mask designs to minimize volumes in the film that would be unmasked during both exposures. A custom-built tilting stage was used to orient the wafer at an angle under a collimated UV lamp for the angled exposure. This angle was chosen to account for SU-8's high index of refraction (nZ1.61) (Hung et al. 2004) . For the structures presented here, the target angle was 14.88 to create a 4 : 1 aspect ratio, which required an exposure angle of 23.58. After the moulds were created, silicone-based elastomers were cast under vacuum, spun to a desired backing layer thickness, heat cured and pulled out of the mould by hand. Moulds typically exhibited reusability for over 10 cast and peel cycles before failing due to cracking, delamination from the wafer substrate or residual polymer clogging the mould cavities. The fabrication sequence is shown in figure 2 .
The wedge-shaped adhesives were fabricated at two characteristic sizes with square base dimensions of 20 and 50 mm, and corresponding heights of 80 and 200 mm, respectively. The square bases were spaced to achieve a 25 per cent fill factor. In total, six sample types were fabricated and tested: 50 and 20 mm wedges of Silicones Inc. P-20; Dow Corning Sylgard 170; and Silicones Inc. P-70 polymer. Rectangular samples of the materials were tested in uniaxial tension using an Instron 5848 MicroTester (Instron Norwood, MA) to determine material properties. Each sample was stretched to 30 per cent strain at a ramp rate of 1.0 mm s K1 . The Young modulus was estimated to be linear for the region below 10 per cent strain and resulted in values of 440 kPa (P-20), 1.75 MPa (Sylgard 170) and 2.63 MPa (P-70). It was expected that the softest material, P-20, would show the strongest levels of adhesion, but would be susceptible to fouling and clumping.
Clumping is detrimental to the performance of a fibrillar adhesive. When adjacent fibres adhere to one another, the real area of contact between the adhesive and surface is reduced. An analysis similar to that described by Majidi et al. (2004) was performed to determine a clumping criterion by balancing deformation and surface energies. In this analysis, we included the shear strain term in the deformation energy to account for the small aspect ratio of the wedge. The wedge was approximated as a tapered beam characterized by the parameter a, where aZ(w 0 Kw 1 )/ L and w 0 is the base width; w L is twice the radius of curvature of the wedge's tip; and L is the height of the wedge. For a given spacing, base width and height, beams with a higher degree of taper have a higher tendency to clump, the reduction of deformation energy overcoming the increased tip to tip spacing produced by the taper. When using stiffer materials, deformation energy grows and the likelihood of clumping is reduced, as observed in our samples. Empirical observations Microfabricated wedge-shaped adhesive A. Parness et al.
under a microscope showed the softest material, P-20, clumped at both the 50 and 20 mm wedge size, resulting in poor adhesive performance (figure 3). Arrays of stiffer Sylgard 170 and P-70 cast from the same mould, however, did not clump, but otherwise performed similar to each other despite differences in stiffness and surface energy, making direct comparisons difficult. All further data are for the Sylgard 170 material.
Test equipment and experimental methods
Data were collected using two different experimental test set-ups. Each set-up is capable of moving a flat glass substrate and sample into and out of contact along trajectories in both the normal and tangential directions simultaneously. Set-up 1 consists of a three-axis linear stage, force transducer and two-axis manual tilt stage. The motion stage (Velmex, MAXY4009W2-S4 and MA2506B-S2.5) has a 10 mm positioning resolution in the tangential direction and a 1 mm positioning resolution in the normal direction. A flat glass substrate is attached to the motion stage and the sample is placed upon a six-axis force/torque sensor (ATI Industrial Automation, Gamma Transducer SI-32-2.5) with an accuracy of approximately G25 mN. The force transducer is mounted onto a manual two-axis tilt stage (Newport, 30 Series Tilt Platform), which is used for manual alignment of the sample relative to the substrate. Set-up 2 is stiffer, slower and more precise. It consists of a two-axis linear stage, force transducer and two-axis tilt stage. The motion stage is formed by two Aerotech ANT-50L (Aerotech, Pittsburgh, PA) linear actuators, which provide positioning control on the nanoscale, and the flat glass substrate is attached rigidly to the motion stage. The sample is mounted onto a Kistler 9328A three-axis piezoelectric force sensor (Kistler, Winterthur, Switzerland) . Two Newport goniometers, GON65L and TR120BL ( Newport, Irvine, CA), are used to align the sample and substrate. Three different types of experiments were performed, load-drag-pull (LDP), load-pull (LP) and longevity tests, as described further in §3. On set-up 1, force data were filtered using a low-pass third-order Butterworth filter with a cut-off frequency of 20 Hz. Experiments were designed to explore the dynamic adhesion, directionality and reusability properties of the microfabricated wedge-shaped adhesive arrays.
RESULTS AND DISCUSSION
Dynamic adhesion
Data from a flat punch LDP test are shown in figure 4 (LDP tests consist of a 458 preload trajectory to a depth of 80 mm, followed by a 1 mm horizontal drag and finishing with a vertical pull-off; Autumn & Gravish 2008) . These data are for a 1 cm 2 patch of 50 mm stalks made from Dow Corning Sylgard 170 silicone encapsulant with a backing thickness of 600 mm, but are representative of the results for all six sample types tested. The figure reveals a period of continuous adhesion during the 1 mm drag phase (between points 2 and 3 in figure 4). Unlike spherical indenter tests that engage new fibres as the probe moves horizontally across the sample, these data indicate that stalks must be detaching and reattaching since the entire patch is contacting during the duration of the test. The flat punch drag results for many previous GSAs, by contrast, pass through their peak adhesion (point 2 in figure 4) and immediately drop to near zero adhesion. The gecko also exhibits dynamic adhesion as shown in the flat punch LDP data for gecko setae (figure 5).
Dynamic adhesion, as observed in the gecko and with these samples, is valuable for climbing because failure becomes the onset of gradual sliding rather than (1) Deposit aluminium on UV transparent quartz wafer, (2) pattern aluminium to create self-aligned mask, (3) deposit SU-8 on top of aluminium, (4) angled self-aligned UV exposure from backside, (5) align mask to topside and UV expose, (6) develop, (7) cast and spin polydimethylsiloxane (PDMS) and (8) peel out cast adhesive structure and backing layer. Black, PDMS; light grey, quartz wafer; dark grey, exposed SU-8; grey, unexposed SU-8. A sliding contact failure allows time for an animal or robot to compensate by reattaching the slipping foot in another location or by placing additional feet on the surface. In geckos, the sliding phenomenon also helps to orient all of the terminal spatulae for good contact while not damaging individual contacting elements, and thereby reduces the demand on the accuracy of foot presentation to the climbing surface. A similar mechanism of sliding into a preferred orientation has recently been demonstrated in a GSA using carbon nanotubes with ribbon-like elements at the tips (Qu et al. 2008) . We believe that spatulae distribute a load and self-align to their preferred orientation through sliding, relieving stress concentrations via frictional loss. Localized sliding could similarly help synthetic adhesives scale to larger patch sizes (discussed further in §4), and will be even more valuable to future versions of GSAs that are hierarchical and require a greater ability to passively distribute the load of a foot to individual contacts.
Directionality
Similar to the behaviour observed in individual gecko setae, setal arrays and whole gecko toes, the microfabricated wedge-shaped adhesive presented here follows the frictional adhesion model (Autumn et al. 2006a) by demonstrating more adhesion when loaded in a preferred shear direction. This property makes an adhesive particularly well suited to climbing vertical surfaces where the body weight of an animal or robot induces a large downward shear loading on the contacts, and where feet must be detached without disturbing the grip of the remaining legs.
Data were collected for the synthetic adhesive by running a series of flat punch LP tests (LP tests consist of a 458 angled preload that terminates at a depth ranging from 0 to 80% of the stalks' height followed by a 1 mm pull-off trajectory at a specified angle ranging from 08 to 1808). Shear and normal forces were recorded at the adhesive's failure point, and these data are plotted against each other in force space for the entire series in figure 6 . The resulting representation is a limit surface in force space. Combinations of force above the curve formed by the data points are safe and the contact will be maintained; forces below the curve will result in contact failure. The limit surface plot shows the directional behaviour of the adhesive; maximum adhesion is reached only when a large value of shear is present. Additionally, because the limit surface intersects the origin, when no shear is applied to a sample, the adhesive detaches without any pull-off force in the normal direction. This phenomenon allows the structure to act as a controllable adhesive in which adhesion is controlled by varying the applied shear force. Efficient climbing relies on this behaviour. By contrast, materials such as pressure-sensitive adhesive tapes require a substantial preload to achieve adhesion and a similarly large force to achieve detachment. Robotic climbing with such materials is inefficient and also unreliable, because large detachment forces tend to create vibrations that cause other feet to lose their grip (Kim et al. 2008) . Low detachment forces are also a critical feature of the rapid attachment/detachment cycles observed in the gecko (5 ms for attachment and 15 ms for detachment; Autumn et al. 2006b ).
By contrast with the gecko, the wedge-shaped adhesive's data show bidirectional behaviour. While the gecko has a preferred shear direction, for which adhesion increases with shear loading, and an antipreferred direction for which typical coulomb friction behaviour is observed, the wedge-shaped structure shows adhesion when loaded in either the upward or downward shear direction (lateral displacement results in purely frictional behaviour). This bidirectionality is visible in figure 6 , which shows some symmetry across the y-axis. The symmetric behaviour can be attributed to the thin tip at the end of the wedge, which is capable . Wedge-shaped adhesive load-drag-pull (LDP) data from a single trial, 1 cm 2 patch size. Preload occurs from point 0 to 1 consisting of a 458 approach angle to a depth of 80 mm. This was followed by a 1 mm drag (points 2 and 3) and a vertical pull-off (points 3 and 4). The substrate moved at a constant 1 mm s K1 over the course of the trial. Note the sustained dynamic adhesion (solid curve) and shear (dashed curve) between points 2 and 3, indicating independent detachment and reattachment of single wedges. figure 4 shows the strong behavioural similarity between the microfabricated wedge-shaped adhesive and gecko setae, especially the dynamic adhesion observed between points 2 and 3 (solid curve, adhesion; dashed curve, shear).
Microfabricated wedge-shaped adhesive A. Parness et al.
of flopping over in the anti-preferred direction and creating a significant area of contact when loaded in such a way. However, the desirable functions of directionality are maintained: (i) adhesion increases with shear loading and (ii) the force limit surface passes through the origin. By contrast, for a curved elastic shape described by the Johnson-Kendall-Roberts adhesion model for a sphere contacting a flat surface (Johnson et al. 1971) , the opposite behaviour would be predicted: (i) adhesion would decrease with shear loading and (ii) the adhesion would be maximal at zero shear load. Compared with the gecko's adhesive, the wedge-shaped adhesive structure has a smaller angular range over which zero-force detachment occurs, but it is present for approximately G108 with respect to vertical pull-off. For reference, flat control patches were tested with the same trajectories and the results are shown in figure 7. These data approximately match Johnson-Kendall-Roberts behaviour.
While easy detachment of feet is crucial to climbing quickly and efficiently, easy attachment is equally important. The gecko, using a many-tiered hierarchy, exhibits a value of m 0 (the ratio of pull-off force to preload force) between 8 and 16 depending on conditions (Autumn et al. 2000) , meaning that it can press its foot to a surface with 1 N of force and generate 8-16 N of adhesion. Published m 0 -values for GSAs range from below 0.1 to as high as 7.5 ) and 13 (Santos et al. 2007 ). The highest m 0 observed for the wedge-shaped adhesive was 2.1 and occurred when wedges were loaded at an incoming angle of 308 to avoid buckling. Adhesion during this trial was 4.9 kPa, very near the maximum adhesive pressure observed. Minimizing the required preload is important for climbing applications. Depending on where the feet are placed, a minimum value of m 0 z0.33 is needed for a quadruped, so that the attached feet can produce sufficient force to preload a new foot as it is brought into contact.
Results for similar patches fabricated from Sylgard 170 at both the 20 and 50 mm base width are plotted in figure 8. Both samples were 1 cm 2 patches with 600 mm backing layers. When subjected to the same loading trajectory scaled by the wedge size (i.e. a penetration depth of 40 mm for a 20 mm base width wedge and a penetration depth of 100 mm for a 50 mm base width wedge), the arrays have the same real area of contact, but with a 2.5! increase in the summed perimeter of the contacting elements for the smaller wedge size. It has been reasoned that contact splitting will increase overall adhesion in a vertical preload/vertical pull-off experiment (Arzt et al. 2003) , and similar behaviour is observed in figure 8 for our directional tests. The backing layer thickness was also found to have a significant effect on adhesive pressures as predicted by Kim et al. (2007) , with thin backing layers performing better. The sample patch size was another factor that influenced adhesive performance because of scaling effects, so backing thickness and patch size were normalized for the size comparison tests. Further research is ongoing on a broader variety of materials adhesion (kPa) Figure 6 . Limit surface of a Sylgard 170 sample of 50 mm base width wedges on a 225 mm backing layer, 1 cm 2 patch size. Points indicate contact failures either through slipping or detachment from the surface. Important to note: adhesion is achieved only in the presence of shear loading, following the frictional adhesion model (Autumn et al. 2006a) . Also, the limit surface intersects the origin, indicating that, when no shear is present, the adhesive can be detached with zero force.
and feature sizes to generate more conclusive comparisons among bulk stiffness, feature size, backing thickness and overall levels of adhesion. However, the general directional behaviour of the stalks, their ability to adhere dynamically, and the shape of the contact limit surface remained consistent at both characteristic sizes across all trials.
Long lifetime
Among its desirable properties, the gecko's adhesive system is highly reusable, as it must climb for long periods of time before new growth replaces the setae and terminal spatular elements of its toe pads. Comparatively few results have been presented in the literature on the reusability of GSAs. Where data are presented, the performance often drops significantly after a few tests because structures have broken or become dirty (Geim et al. 2003; Northen & Turner 2005; Yurdumakan et al. 2005; Kim & Sitti 2006; Zhao et al. 2006; . Some exceptions are the large-angled stalks previously fabricated in our laboratory (Santos et al. 2007 ) and one type of mushroom-shaped adhesive , which demonstrate reusability for over 100 attachment/ detachment cycles before performance degrades and cleaning is required. After this cleaning, some samples were shown to regain their initial performance. Stiff polypropylene hairs Schubert et al. 2008) also retained a high level of performance for over 150 cycles, even showing an increase in performance due to a 'breaking in' of fibres. The microfabricated wedge-shaped adhesive reported here maintained 67 per cent of its initial adhesion and 76 per cent of initial shear after 30 000 trials, without cleaning before the experiment was arbitrarily stopped. Figure 9 shows data for a 1 cm 2 patch of wedgeshaped adhesive with a 50 mm square base cast from Sylgard 170 over a battery of 30 000 LDP cycles. The drag phase of these tests was extended from 1 to 10 mm in order to increase the rate of wear on the stalks. A preload depth of 100 mm was used, and the maximum values of shear and normal adhesion during the drag phase were taken as data points from every 1000th trial and plotted.
A high value of m 0 can enhance reusability by preventing damage to stalks during the loading procedure. In the case of our synthetic adhesive, durability is also a result of the elastomeric material's ability to bend and deform without fracturing or tearing. A gecko's adhesive system is massively reusable (also over 30 000 trials) with a very stiff material, b-keratin, and at stresses much greater than those sustained by the synthetic adhesive. The gecko achieves this result, in part, because of its multilevel hierarchy that distributes the load evenly to individual spatulae and it generates such high levels of adhesion because of the more optimal spatular contact shape and size. Setae and spatulae also avoid overload damage by detaching and resticking as needed. A similar dynamic adhesion property was observed in the wedge-shaped adhesive as discussed in §1. Without these attributes, it is not surprising that non-sliding GSAs using stiff materials without a hierarchy of structural elements show high levels of adhesion for only a few tests. For future GSAs to achieve both high adhesion and durability, they will require a mechanism for even load distribution and an optimized contact structure.
SCALING ARRAY SIZE
Much of the early work on GSAs focused on the creation of fibrillar structures at the micro-and nanoscales. Many of these GSAs were tested using atomic force microscopes or micro-scale systems that measured the adhesion of samples of the order of several square millimetres or less. As the understanding of fibrillar adhesive systems has broadened, there has been more focus on creating larger arrays of more complex directional features and testing samples of the order of several square centimetres. Interest in GSAs for commercial and industrial uses may push patch sizes even larger. However, adhesive forces do not generally scale linearly with patch area due to several factors including alignment, uniformity and loading/ unloading challenges.
One major obstacle that prevents the use of large patches is alignment. As an example, a fibrillar adhesive patch whose features are tolerant to G20 mm of variation in the normal direction (this is approx. accurate for the smaller size of microfabricated wedgeshaped adhesive presented in this paper) would be effective for angular misalignments less than 1.158 across a 1 mm!1 mm patch, 0.1158 across a 1 cm! 1 cm patch and only 0.01158 across a 10 cm!10 cm patch. This level of alignment accuracy is challenging to achieve in a rigid experimental set-up, and becomes impossible in an uncontrolled environment. This analysis also assumes a perfectly flat substrate and a perfectly flat sample, which is often not the case due to variations in the backing layer thickness or variations in fibre height. These challenges were confronted in practice when the wedge-shaped adhesive structures were applied to a 500 g climbing robot platform Microfabricated wedge-shaped adhesive A. Parness et al. (Kim et al. 2008) . Although the wedge-shaped adhesive demonstrated more adhesion on the rigid experimental set-up than the much larger features originally used on the robot (Santos et al. 2007) , only stationary hanging was achieved because much of the adhesive patch failed to make close contact with the climbing surface (observed visually due to a change in the reflected light from contacting features). The robot's original stalks have a height of over 1 mm, requiring much less angular accuracy during foot placement. Approximately 100 per cent of these larger stalks engaged across the 4 cm 2 toe during climbing as opposed to regions of 5-25% of the wedge-shaped adhesive patches during stationary hanging.
Another challenge in applying GSAs to robots or other macroscale applications is the prevention of peeling. If a patch begins to peel at one corner or edge, the stress concentration can quickly propagate across the entire patch, resulting in a complete adhesive failure. While fibrous adhesive structures inherently have some crack trapping ability ), a zipper-like effect will still occur with a sufficiently large peeling moment. The soft elastomeric material can also stretch within the backing layer and induce a stress concentration on a single row of stalks, causing sequential detachment of all rows. This type of peeling has been observed under misaligned loading conditions for patches of the wedge-shaped adhesive structures that lack a stiff backing. Future generations of GSAs can take further inspiration from the gecko and create hierarchical systems that self-align to surfaces and promote equal load sharing to prevent the initiation of peeling. Also, the use of stiffer bulk materials can further prevent peeling by reducing the stresses created when the backing layer stretches. Figure 10 shows the results of multiple samples of the wedge-shaped adhesive taken from the same mould, cut to various areas ranging from 0.1 to 8.2 cm 2 , and tested on set-up 1. These samples were all cast out of Sylgard 170 with a uniform 300 mm backing layer. The first set of data shows the adhesive pressures for a fixed trajectory that does not cause high preload forces (458 preload angle, 120 mm preload depth and 1508 pull-off angle). These data indicate a significant drop off in adhesion as patch size increases. A second set of data shows the maximum adhesive pressures achieved for any preload depth and pull-off angle. The adhesion pressures are higher than the fixed trajectory dataset, and show a somewhat less dramatic drop as patch size increases. However, to achieve these maximum pressures requires much higher preload pressures, effectively overcoming alignment challenges by smashing the sample and glass surface together to assure that a high number of wedges make contact. For the smaller patch sizes in these experiments, a high percentage of stalks make good contact under light preload pressure because alignment is not as challenging, but, for the larger samples, the initial percentage of wedges in good contact is much lower and can be improved significantly by increasing the preload pressure to force more wedges into contact. This tactic drastically reduces the m 0 -value, making it less desirable for use in climbing applications where preload forces are difficult to generate. Larger samples were also anecdotally more difficult to align in the test bed and had greater test-to-test variability. Trends such as these make macroscale adhesive projections from atomic force microscope data or small spherical probe apparatuses unfair. Likewise, predictions of this adhesive's potential performance of the order of hundreds or thousands of Newtons of adhesion are unrealistic from the data presented in this paper.
For adhesive applications that require areas larger than that of a 100 mm wafer, tiling of microstructured patches may be necessary. Fidelity of the wedge-shaped adhesive features was good across the entirety of a 100 mm wafer, but the effects of tiling several patches together into one larger patch have not been investigated. Foreseeable issues with this approach include the possible introduction of stress concentrations at the boundaries of individual tiles, and increased difficulty in aligning several patches to contact the surface simultaneously, especially if the backing thickness of these patches is not carefully controlled.
CONCLUSION
Wedge-shaped adhesive arrays were fabricated using a dual exposure lithographic mould making process using silicone rubbers as the cast material. The adhesive shares several desirable adhesive properties with the gecko, making it a promising step for climbing robots and related applications. In particular, the wedgeshaped adhesive is directional, displays dynamic adhesion, and is reusable for over 30 000 attach/detach cycles. Maximum forces were measured at 2.1 N in the normal direction and 13 N in shear direction for an 8. adhesion (kPa) Figure 10 . Adhesion pressures for various patch sizes. All samples were taken from the same mould and have a 300 mm backing layer thickness. Identical trajectories consisting of a 458 preload to a depth of 120 mm followed by a 1508 pull-off were used for the fixed preload (pluses) dataset. The maximum adhesive pressures (crosses) are also presented. These data occurred at higher preload depths ranging from 140 to 180 mm. Using a higher preload helps to overcome misalignments in the contact between wedges and the glass substrate. This tactic, however, is impractical for climbing applications where the ability to apply preload forces is limited.
yielded more than 5 kPa and more than 17 kPa of normal and shear pressure simultaneously with a m 0 larger than 2. For larger patches, the adhesion and shear pressure reduced gradually. Despite this promising performance on experimental test platforms, when the adhesive was applied to a 500 g climbing robot (Kim et al. 2008) , only stationary hanging was achieved because much of the adhesive patch failed to make close contact with the climbing surface. More broadly, many GSAs have now been fabricated with enough adhesion for use in climbing. However, the practical application of these materials is inhibited by several factors. Some GSAs still lack directionality and zero-force detachment, making them poor candidates for climbing. But even GSAs that possess these properties fail to self-align and distribute the load evenly to individual fibres when scaled to patch sizes of several square centimetres and beyond, causing the demands on alignment and uniformity to be exceedingly great. The gecko employs a multistage hierarchy that ensures intimate contact between the nanoscale spatulae and the climbing surface without precise foot alignment or attachment trajectories. While improvements to the basic wedge design are being pursued, much of our current and future work focuses on a hierarchical suspension, similar to the gecko's, which will allow directional microfabricated adhesives to work in the macroscale world outside the laboratory.
